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Anti-coking and anti-carburizing behavior of amorphous AlPO4 coating 

F.S. Sayyedan *, M.H. Enayati, S.M. Nahvi, M. Taghipour 
Department of Materials Engineering, Isfahan University of Technology, Isfahan, 8415683111, Iran   

A R T I C L E  I N F O   

Keywords: 
AlPO4 

Amorphous 
Coating 
Anti-coking 
Anti-carburizing 

A B S T R A C T   

The aim of the present study was to examine the anti-coking and anti-carburizing behavior of amorphous AlPO4 
coating. So, aluminum phosphate composition was synthesized by sol-gel process and applied on the AISI 304 
stainless steel by dip coating technique. Anti-coking performance was examined in a tube furnace at 1000 ◦C for 
30 min under Ethane (C2H6) atmosphere. Carburizing test was performed in a sealed charcoal medium at 1100 ◦C 
for a total of 30 h exposure time. Phase composition of the samples was analyzed by X-Ray Diffraction (XRD) 
after coking and carburizing tests. Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray Spec-
troscopy (EDS) were employed to study the morphology and elemental analysis of the samples after coke and 
carbon formation experiments. Microhardness indenter was applied on the cross section of the carbon-exposed 
specimens to plot the hardness profile through the carburizing zone. The results of the coking experiment 
revealed catalytic coke formed on the uncoated surface, while irregular spherical coke with no trace of catalytic 
coke was formed on the coated surface, indicating the great anti-coking performance of the amorphous AlPO4 
coating. The results of pack-carburizing test demonstrated that the thickness of the carbide layer formed on the 
bare surface was ~10 times greater than that of the coated sample. Hardness measurement for the amorphous 
AlPO4 coated sample detected lower values compared to those for the uncoated one at all distances from the 
surface, indicating less carbon diffusion occurred beneath the coated surface. In overall, the results declared that 
the amorphous AlPO4 coating could be a good candidate for surface protection of stainless steel against catalytic 
coke formation and carbon diffusion.   

1. Introduction 

Thermal cracking of hydrocarbons is classified as one of the most 
important industrial processes in which Olefins (CnH2n) including 
Ethylene (C2H4) and Propylene (C3H6) would be formed as desirable 
products [1]. However, coke build up on the inner wall of the tubes is 
inevitable and causes some detrimental effects including reduction of 
heat transfer, restriction of the flow of the hydrocarbon feedstock, and 
increase in the fuel consumption [2]. The outcome would be the 
consequent shutdown for decoking operation followed by decrease in 
expected service lifetime. Therefore, coke formation could be a serious 
problem in the combustion chamber of gas turbines and thermal 
cracking furnaces in petrochemical industries [2,3]. In general, coking 
and carburization are considered as the two main corrosion issues in 
hydrocarbon cracking in reformer tubes of the petrochemical plants [4]. 

Some methods have been employed to prevent coke formation dur-
ing the past few years, such as choosing the right alloy in the 
manufacturing process of the tubes, using sulfide inhibitors, and 

applying protective coatings on the inner wall of the cracking tubes [5]. 
Applying the right coating on the inner wall of the pyrolysis furnaces 

can dramatically moderate the destructive phenomenon of catalytic 
coke formation [6,7]. In this regard, Li and Yang [4] used a glass-based 
coating containing SiO2, BaO, CaO, and Al2O3 oxides to control the 
carburizing phenomenon. Their results showed that the uncoated HP 
steel was heavily carburized, as plenty of catalytic coke was formed on 
its surface after the coking test. On the contrary, the glass coating pre-
vented severe carburization and catalytic coke formation. In addition, 
Tang et al. [8] investigated the anti-coking behavior of TiC, TiN, and 
TiO2 coatings applied by chemical vapor deposition (CVD). Although all 
three coatings presented suitable performance, the anti-coking behavior 
of the TiN and TiC coatings was found superior than that of the TiO2 
coating. Bao et al. [9] used the MnCr2O4 spinel coating deposited by 
selective oxidizing. They achieved satisfactory results of anti-coking 
performance during light naphtha thermal cracking. Indeed, the spinel 
coating prevented the formation of catalytic coke. In another study, 
Tang et al. [10] investigated the anti-coking properties of TiN coatings 
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applied at different deposition temperatures. Coatings applied at tem-
peratures below 850 ◦C did not show acceptable anti-coking behavior 
due to the presence of microcracks, while the coatings applied at tem-
peratures above 850 ◦C presented excellent anti-coking performance. 
Zhang et al. [11] studied the anti-coking behavior of TiO2 coating 
applied by metal organic chemical vapor deposition (MOCVD) method. 
It was shown that time and temperature of the coating process signifi-
cantly affected the morphology of the coatings. The best anti-coking 
performance was attributed to the crack-free coating applied at 250 ◦C 
for 80 min. Taghipour et al. [12] used gas-phased aluminide coatings to 
improve the anti-coking efficiency of the HP-MA steel. They showed that 
the aluminide coatings had better anti-coking performance compared to 
the HP-MA steel. Moreover, it was specified that the higher the Al 
content in the coating, the better the anti-coking performance. 

Amorphous aluminum phosphate (AlPO4) with chemically inert na-
ture and non-crystalline structure can be considered as a suitable pro-
tective coating material for a broad range of applications involved in 
corrosion issues. Amorphous AlPO4 acts as a durable diffusion barrier 
layer against destructive species, and so presents promising anti- 
carburizing and anti-coking property due to the lack of grain bound-
aries and other crystalline defects [13]. Moreover, it can be used as a 
high temperature engineering ceramic material without volume changes 
and subsequent stresses caused by the polymorphic transformations 
(berlinite, tridymite, and cristobalite) concerning with the crystalline 
aluminum phosphate [14]. 

The oxidation behavior of amorphous aluminum phosphate coating 
was studied in our previous work [15]. The objective of the present 
research was to study of the anti-coking and anti-carburizing behavior of 
the sol-gel derived amorphous AlPO4 coating. Preventing coke buildup 
and carbon deposition on the inner wall of the pyrolysis furnaces were 
the main purposes of the current research. 

2. Materials and methods 

2.1. Substrate pretreatment 

Chemical composition of the AISI 304 stainless steel substrate is 
presented in Table 1 according to the optical emission spectroscopy 
(OES) (Metal Scan Arun 2500, England) analysis. The sheet with 
thickness of 1 mm was cut in to 20 × 20 mm2 coupons using a spark wire 
machine. The samples were grounded using 800, 1200, and 2400 grit 
SiC papers and polished by 0.1 μm alumina slurry. The specimens were 
degreased ultrasonically in acetone and deionized water for 20 min, 
respectively. 

2.2. Coating preparation 

Amorphous AlPO4 composition was synthesized by sol-gel process. 
Aluminum nitrate nonahydrate (Al(NO3)3⋅9H2O, Merck, 98.5% purity) 
and phosphorus pentoxide (P2O5, Merck, 98% purity) were dissolved in 
ethanol (C2H5OH, Merck, 99.8% purity) to reach Al/P:1.75/1 M ratio. 
The two solutions were mixed together and stirred for 1 h. 5 wt % 
Polyvinylpyrrolidone ((C6H9NO)n, Sigma-Aldrich) was dissolved to the 
above solution. Stainless steel coupons were dip coated into the resulting 
solution for 1 min with a constant withdrawal rate of 20 mm/min. The 
coated samples were dried at 150 ◦C and annealed at 500 ◦C for 1 h to 
eliminate all organic compounds and get a uniform coating with 
chemical bonding to the substrate. 

2.3. Coating characterization 

2.3.1. Coking test 
Anti-coking performance of the coated and uncoated substrates was 

investigated in a tube furnace. The specimens were laid on the ceramic 
boats and then put into the quartz tube reactor. Ethane (C2H6) was 
considered as the input hydrocarbon feedstock and cracking was per-
formed at 1000 ◦C for 30 min. It is worth noting that samples were 
heated in argon in order to remove oxygen from the reactor. After the 
furnace reached a temperature of 1000 ◦C, ethane was replaced with 
argon to start the cracking process. The inlet ethane flow rate was 
adjusted to 0.6 L/h. After completing the coking test, the reactor was 
cleaned by argon for 15 min to remove the gas products obtained during 
the cracking process. The anti-coking ratio (η) was calculated at the end 
of the coking test as follows [11]: 

η= [(M2 − M1) /M2] × 100% (1)  

Where, M1 and M2 are the mass of the coke deposited on the coated and 
uncoated surfaces after the coking test, respectively. 

2.3.2. Carburizing test 
Both coated and uncoated specimens were packed into an alumina 

crucible stuffed with charcoal and sealed with a high temperature glue. 
The set was heated up to 1100 ◦C and kept in this temperature for 30 h, 
then cooled down to room temperature. 

2.3.3. Phase composition and morphology observations 
Phase composition analysis of the coated and uncoated samples 

before and after carburizing test was performed by an X-ray diffrac-
tometer (XRD, Philips Xpert) using Ni filtered Cu Kα radiation (λ =
0.154 nm, 40 kV, 30 mA) over the 2θ range of 10◦–90◦. 

The surface and cross-sectional morphologies of the coated and un-
coated samples before and after coking and carburizing tests were 
observed by scanning electron microscope (SEM, Philips XL30) equip-
ped with an energy-dispersive spectroscopy (EDS). Glow discharge op-
tical emission spectrometry (GDOES, GDA 750 HR) technique operated 
at 700 V and regulated pressure of 2.3 hPa was performed to assess the 
composition and thickness of the coating. 

2.3.4. Microhardness measurement 
Vickers microhardness measurement was performed at a load of 100 

g and dwell time of 10 s to evaluate the hardness changes through the 
carburizing zone. The coated and uncoated carburized samples were 
cross-cut, mounted, grounded to 2400 grit SiC paper, and polished by 
0.1 μm alumina slurry. Microhardness indenter was applied on each 
sample in three different lines from surface to the bulk to plot the 
hardness profile through the carburizing zone. 

3. Results and discussion 

3.1. Coating characterization 

The XRD patterns of the as-synthesized powder after drying and 
annealing steps are presented in Fig. 1. It is clearly seen that the as- 
synthesized AlPO4 composition shows no crystalline features. There is 
only a broad hump at 2θs ~20◦–30◦, indicating the completely amor-
phous nature of the synthesized coating material, which is based on a 
synthetic aluminum phosphate in which the molar content of aluminum 
is greater than phosphorus to create a pseudo amorphous structure. 

Table 1 
OES analysis of the AISI 304 stainless steel.  

Element Fe C Si S P Mn Ni Cr Mo Cu Nb Ti V 

Wt. % Bal. 0.046 0.295 <0.030 <0.007 1.520 11.300 16.000 <0.050 0.164 0.071 0.015 0.054  
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Fig. 2 exhibits the SEM micrograph and EDS analysis of the applied 
AlPO4 coating on the surface of the AISI 304 stainless steel. As seen in 
the SEM image, the coating is uniform, continuous, and crack-free. EDS 
analysis confirms the formation of an aluminum phosphate layer on the 
surface revealed by appearing Al and P elements in the analysis. 

Fig. 3 exhibits the cross sectional micrograph and GDOES analysis of 
the amorphous AlPO4 coating formed on the stainless steel 304 after 
annealing at 500 ◦C for 1 h. 

GDOES analysis presented in Fig. 3a demonstrates that Al and P el-
ements have a meaningful concentration gradient in the surface region, 
decaying towards the depth, and that the approximate thickness of the 
coating layer is around 110 nm, where the Fe, Cr, and Ni contents 
remain almost constant and Al and P contents reduce significantly. 
Fig. 3b represents the cross-sectional microstructure of the coating after 
annealing at 500 ◦C for 1 h. It can be found that the coating is dense, 
uniform, and with good adhesion to the substrate. The thickness of the 
coating is estimated to be 110 nm which is in a good accordance with the 
GDOES observation. 

3.2. Coke formation behavior 

Fig. 4 represents the weight of the coke deposited on the bare 
stainless steel 304 and amorphous AlPO4 coated sample after coking test 
run at 1000 ◦C for 30 min. As can be seen in Fig. 4, the bare substrate 
experiments a much higher weight gain per unit area (~7 times greater) 
than that of the coated sample, indicating deposition of a large volume 
of carbon on the uncoated stainless steel surface. Moreover, the anti- 

coking ratio for amorphous AlPO4 coating was estimated to be ~85% 
(calculated by Eq. (1)), indicating the acceptable and satisfying anti- 
coking performance of the coating material. 

Fig. 5 represents the SEM images of the uncoated and amorphous 
AlPO4 coated stainless steel surfaces after coke formation test performed 
at 1000 ◦C under Ethane (C2H6) atmosphere for a total of 30 min 
exposure time. As it is seen in the SEM micrograph of the bare substrate 
(Fig. 5a), catalytic coke was significantly formed on the stainless steel 
surface. In fact, for the alloys with poor coking resistance, catalytic coke 
is formed at the early minutes of the cracking process. In order to better 
understanding of catalytic coke formation phenomenon on the surface of 
the stainless steel 304, the surface degradation due to the catalytic coke 
formation has been explained below. In the first stage, physical 
adsorption of carbon occurs on the surface. In general, the series of 
possible reactions for thermal cracking of ethane have been proposed as 
follows [16]: 

According to reaction (2), Ethane cracks to Ethene and hydrogen. 
Then, Ethene decomposes to Methane and carbon according to reaction 
(3).  

C2H6 → C2H4 + H2                                                                         (2)  

C2H4 → C + CH4                                                                            (3) 

On the other hand, Methane can be decomposed to carbon and 
hydrogen by the following reaction:  

CH4 → C + 2H2, ΔG◦ = 87399 – 108.74T (J.mol− 1)                            (4) 

It is worth noting that the reaction (4) is thermodynamically feasible 
at 1000 ◦C, but with sluggish kinetics at this temperature. The decom-
position of methane is a moderately endothermic process, and non- 
catalytic thermal cracking of methane needs temperatures over 
1200 ◦C to have reasonable kinetics [17,18]. Overall, thermal decom-
position of hydrocarbon molecules leads to the production of free atomic 
carbon, which can deposit on the surface of the sample. According to 
reports, the activation energy of carbon diffusion in 304 stainless steel is 
44.6 kcal/mol and its diffusion coefficient at 1000 ◦C is 1.45 × 10− 7 cm2 

s− 1, which is a relatively high value [19]. On the other hand, the 
pre-formed chromium oxide film on the stainless steel surface does not 
provide the necessary protection to prevent carbon diffusion at a tem-
perature of 1000 ◦C and reduction environment. So, the deposited car-
bon diffuses through the metal and precipitate at the grain boundaries. 
Afterward, metal crystals would remove from the surface by the outward 
growth of carbon to form filamentous/catalytic coke [20]. This could be 
possible for metals which dissolve carbon, namely Fe or Ni. 

On the other hand, only some irregular spherical cokes were formed 
on the coated stainless steel surface (Fig. 5b) with no sign of catalytic 
coke formation. This type of carbon is only caused by the gas phase 
reactions deposited on the surface. In fact, the amorphous AlPO4 coating 

Fig. 1. XRD patterns of the amorphous AlPO4 composition (a) gel dried at 
150 ◦C for 1 h, (b) powder annealed at 500 ◦C for 1 h. 

Fig. 2. SEM micrograph and EDS analysis of the AlPO4 coating formed on the stainless steel 304 surface after annealing at 500 ◦C for 1 h.  
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was able to prevent the inward diffusion of carbon and formation of the 
catalytic coke, indicating the excellent anti-coking performance of the 
amorphous AlPO4 as a protective coating. This capability is attributed to 
the amorphous nature of the coating material and its performance as a 
diffusion barrier in the absence of grain boundaries and other crystalline 
defects [13]. Since there is excess aluminum content in the precursor 
solution (Al/P:1.75/1), even in the case that crystallization occurs 

during long times of cracking at 1000 ◦C, the amorphous AlPO4 would 
convert to the crystalline AlPO4 and Al2O3 with desirable protection 
against the inward diffusion of carbon as well as the formation of cat-
alytic coke [21]. 

3.3. Carburization behavior 

Fig. 6 shows the XRD patterns of the uncoated and amorphous AlPO4 
coated stainless steel 304 after carburizing test run at 1100 ◦C for 30 h. 
The XRD patterns suggest the formation of Cr7C3 and Cr3C2 carbide 
phases on the both coated and uncoated specimens. Haider et al. [22] 
studied the carbon diffusion phenomenon in the 304L austenitic stain-
less steel at 650–750 ◦C in 20%–40% CH4/H2 atmosphere and reported 
the formation of the similar carbides on the surface. More details of the 
formation of these carbides will be explained in the next section. 

Fig. 7 represents the SEM cross sectional micrographs of the un-
coated and amorphous AlPO4 coated stainless steel 304 after carburizing 
process at 1100 ◦C for 30 h. It is observed that the thickness of the 
carburizing zone in the uncoated and coated specimens is around 20 and 
2 μm, respectively, indicating the severe carburization occurred on the 
bare surface compared to the coated one. According to Fig. 7a, carbide 
formation is more severe near the surface of the stainless steel. Hence the 
carbide layer is seen more compact in the lower regions, close to the 
substrate’s surface, as compared to the upper. 

Map elemental analysis of the cross-section of the uncoated and 
amorphous AlPO4 coated samples presented in Fig. 8 offers more clear 
representation of chemical composition after carburizing test. Accord-
ingly, a layer mostly composed of Cr and C has been developed on the 
surface of the stainless steel 304, confirming the XRD results presented 
in Fig. 6. On the other hand, a Cr-depleted zone was found right below 

Fig. 3. (a) GDOES analysis and (b) cross-sectional morphology of the amorphous AlPO4 coating after annealing at 500 ◦C for 1 h.  

Fig. 4. Weight changes per unit area for AISI 304 stainless steel and amorphous 
AlPO4 coating after coking test run at 1000 ◦C for 30 min. 

Fig. 5. SEM images of the (a) uncoated and (b) amorphous AlPO4 coated stainless steel 304 surface after coke formation test performed at 1000 ◦C under Ethane 
(C2H6) atmosphere for a total of 30 min exposure time. 
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the carbide layers, where internal oxidation takes place. 
In summary, the chromium oxide protective layer on the surface of 

304 stainless steel reacts with carbon and converts to non-protective 
carbides, namely Cr7C3 and Cr3C2 by reactions (5) and (6) at tempera-
tures above 1100 ◦C [23]:  

3 Cr2O3 + 13C = 2 Cr3C2 + 9 CO                                                    (5)  

7 Cr2O3 + 27C = 2 Cr7C3 + 21 CO                                                   (6) 

Meanwhile, the chromium in the substrate diffuses to the surface to 
form a relatively protective chromium oxide layer and reacts with the 
oxygen trapped in the chamber. Then, the chromium oxide layer reacts 
with the carbon to form non-protective carbides. By repeating this 
process, the thickness of the carbide layer increases and a chromium- 
depleted zone is formed near the surface. Due to the loss of chromium, 
this area is more sensitive to internal oxidation, as shown in Fig. 6. 

This scenario is similar for the carburization process of the amor-
phous AlPO4 coated surface, but with a major difference concerning 
with the thickness of the carburizing zone which is one tenth of the bare 
surface (compare Fig. 7a and b). The main role of the amorphous AlPO4 
coating is to act as a diffusion barrier against carbon and retard the 
carbides formation. 

Fig. 9 demonstrates the hardness profile across the carburizing zone 
for the uncoated and amorphous AlPO4 coated stainless steel 304. 
Accordingly, a descending trend can be observed in the hardness values 
from the surface to the bulk of the carburized samples. It is clear to be 
observed that the hardness value is the highest at the samples’ surface, 
where the carbide layer has been formed. This is because of the fact that 
the carbides are harder than the other phases in the bulk [24]. 
Furthermore, as seen for the bare sample, the hardness of the carbide 
layer is higher in the more compact areas than the other regions. On the 
other hand, the hardness decreases gradually from the surface to the 
bulk for the both samples. In the areas farther away from the surface, the 
hardness profile remains almost unchanged and equal the substrate 
hardness value. By comparing the hardness diagrams, it is clear that the 
hardness values for the amorphous AlPO4 coated sample are lower than 

Fig. 6. XRD patterns of the uncoated and amorphous AlPO4 coated stainless 
steel 304 after carburizing test run at 1100 ◦C for 30 h. 

Fig. 7. SEM cross sectional micrographs of (a) uncoated and (b) amorphous AlPO4 coated stainless steel 304 after carburization at 1100 ◦C for 30 h.  

Fig. 8. Map elemental analysis of cross section of the uncoated and amorphous AlPO4 coated stainless steel 304 after carburization at 1100 ◦C for 30 h.  
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those for the uncoated one at all distances from the surface, indicating 
less carbon diffusion beneath the surface. In conclusion, the amorphous 
AlPO4 coating acted as a barrier layer against diffusion of carbon during 
the carburizing test at 1100 ◦C. 

4. Conclusions 

An amorphous AlPO4 coating was applied on the AISI 304 stainless 
steel alloy and anti-coking and anti-carburizing behavior of the coatings 
were evaluated. The main results were as follows:  

1. A large volume of catalytic cokes was formed on the uncoated surface 
after coking test, while only some irregular spherical cokes were 
formed on the coated surface and no effects of catalytic coke was 
observed which revealed the great anti-coking performance of the 
amorphous AlPO4 coating. 

2. The results of pack-carburizing test revealed that the carbon depos-
ited and carbides formed on the coated surface were much less than 
those on the bare one.  

3. The thickness of the carburizing zone for the coated surface was one 
tenth of the bare one, indicating good ability of the amorphous AlPO4 
coating as a diffusion barrier to retard carbon diffusion and carbide 
formation. 

4. The hardness distribution for both the coated and uncoated speci-
mens from the surface to the bulk after the pack-carburizing test 
revealed higher hardness values where the carbides were presented 
more compact.  

5. The hardness values for the amorphous AlPO4 coated sample were 
lower than those for the uncoated one at all distances from the sur-
face, indicating less carbon diffusion occurred beneath the coated 
surface.  

6. In overall, the results showed that the amorphous AlPO4 coating was 
well capable of surface protection of stainless steel alloy against at-
mospheric attacks including carbon deposition and coke formation. 
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